Abstract. Hybrid composites, mixtures of organic and inorganic materials frequently achieve their final properties after thermal treatment involving partial or complete decomposition and chemical reactions. Three examples are presented to demonstrate the possibilities of monitoring these complex transformations by various analytical techniques. The first one is a polyurea based prepreg system containing both organic and inorganic additives, achieving extreme heat stability after curing followed by a heat treatment. Next example is taken from alumina based ceramic injection molding systems. The effects of matrix polymer and various additives, such as citric acid, UHMWPE (ultrahigh molecular weight polyethylene) and the effect of alumina trihydrate/alumina ratio in the ceramic injection molding feedstock was studied on the processability and porosity. The last example presents a new approach to prepare ODS (oxide dispersed steel) bodies by using metalorganic compounds as additives in metal injection molding feedstocks. Applied characterization methods included thermogravimetry (TGA), differential thermal analysis (DTA), X-ray diffraction (WAXS), X-ray photoelectron spectroscopy (XPS), scanning electron microcopy (SEM) coupled with energy dispersive X-ray analysis (EDX), vibrational spectroscopy (Raman and FTIR) and density measurements.
Introduction
Composite materials can be defined as micro-heterogeneous materials where usually one or more components are dispersed in a matrix, although there are systems where the dispersed and continuous phases cannot be distinguished from each other (statistical mixtures or interpenetrating networks). An important subclass of composites is that of so-called hybrid composites. Here "hybrid" either means the combination of various types or sizes of fillers in a continuous matrix or the matrix itself is composed of various materials [1, 2] . In some special cases "hybrid" composites mean the intimate (nano-heterogenous) mixture of organic and inorganic components. Certain hybrid composites are exposed to heat treatment, e.g. curing of the matrix material, reaction with the filler, transformation of the metal-organic component into nano-fillers (sol-gel reactions) [3] , or even the complete destruction of the organic component (as in powder injection molding, including metal injection molding (MIM) and ceramic injection molding (CIM) [4] , ceramic precursor polymer processing [5] ). These complex transformations lead to completely new materials or new properties. As the number of combinations is almost infinite, there is a good chance to tailor the final properties of the products obtained (fibers, coatings, powders, bulk materials, freeform articles etc.). This article briefly presents some examples of hybrid composite materials from our own unpublished research wherein the organic matrix is itself a multicomponent material and undergoes either a reaction with the filler followed by a partial or complete thermal degradation or contains special additives to achieve a modification of the final properties of the heat treated final product, which is usually a composite itself. We would like to demonstrate the use of various analytical techniques to monitor and understand these complex thermal transformation processes on three examples from our own research. The experimental background, the results and discussion will be presented separately for three kinds of materials. The first example is an isocyanate based prepreg system intended for high temperature use (chimney lining). Isocyanates are best known as the main ingredients in polyurethanes and polyureas [6] , wherein the isocyanate component is reacted with polyols and polyamines respectively. Isocyanates, however, can be combined directly with inorganic compounds, such as aqueous silicate solutions (commonly called "water glass") to yield resinous materials with very interesting properties [7] . These form the basis of the so-called "silicate resins" [8] , although this is a somewhat misleading name, as these systems are not silicate polymers -as opposed to geopolymers [9] . These kinds of isocyanate/water glass resins can be further hybridized with other organic resins, such as epoxy resins [10] or vinylester resins [11] . Such hybrid resins have been patented among others by Polinvent Ltd. [12] . A recently submitted patent [13] describes a prepreg for chimney lining, containing monomeric, oligomeric and polymer methylene diisocyanates (MDI, at least 50 wt%), finely dispersed metal hydroxides such as Ca(OH) 2 powder, alumina trihydrate (ATH), optionally other metal oxides or hydroxides, inert inorganic fillers, various flame retardants, plasticizer components and glass or basalt fiber based fabric as reinforcement. The changes in the composition were studied by various methods to understand better the transformation process during heat treatment. Further patents are being prepared on related systems. The second example is related to ceramic injection molding (CIM) feedstock materials. It is well known that CIM feedstock contains organic binders, which are usually composed of polyolefins, polyolefin copolymers and waxes [14] [15] [16] . In addition to the binder composition successful processing of the feedstock to ceramic end-product is influenced by many other factors, such as powder granulometry, rheological properties, details of de-binding (solvent based or purely thermal) and sintering processes [17] . Here we describe and investigate formulations which were used to obtain alumina bodies with controlled porosities. A part of these results have been described in an MSc thesis supervised by one of the authors [18] . Other, closely related results on low pressure injection moldable or slip-casting formulations have been published by us [19] . Some other groups [20, 21] describe methods wherein the ratio of ceramic powder/polymer binder was used to achieve various porosities in CIM processed alumina. Apparently however, pore forming agents or analogs of chemical "blowing agents" used in plastics processing [22] have been rarely mentioned, mostly in relation to ceramic foams [23] , although polymer particles (polystyrene, polyurethane foam and hydrogen peroxide) have been used as pore formers in creating relatively high porosity (55-80%) alumina bodies [24] and hot isostatic pressing has also been used to produce porous alumina samples with porosities between 10 and 44% and the mechanical properties were studied against the porosity [25] . Polymers (such as polymethyl methacrylate, polystyrene), low molecular organic materials (e.g. sucrose) and graphite have also been used as pore formers in preparing yttria stabilized zirconia ceramic tape cast products with well-defined porosities [26] . The third example is an attempt to obtain oxide dispersed steel (ODS), which contains finely dispersed oxide ceramic particles and is mostly prepared by mechanical alloying [27] , followed by e.g. cold or hot isostatic pressing [28] or spark plasma sintering [29] . A group prepared ODS samples by the sol-gel route followed by high temperature reduction in argon-hydrogen gas mixture, the consolidation of the powder obtained was achieved by spark plasma sintering [30] . A review devoted to alternative preparation technologies [31] mentions further methods, however, the method suggested and tried by us has not yet been mentioned. It consists in adding various organic metal salts or metal-organic compounds to metal injection molding feedstock and to sinter the shaped body in reductive atmosphere after de-binding, where it is expected that the additives are transformed into finely divided metal oxide particles. It is to be noted that the use of organometallic additives (siloxanes and titanates) in CIM of SiN based systems has been described [32] , but that is a completely different application, as there these additives were mainly used as surface treatment (coupling) agents [33, 34] . One article [35] mentions oxidative treatment of MIM processed steel, but there iron oxide is formed and not a new ceramic oxide is added to the system. In spite of the incomplete success of the method proposed by us (in terms of oxide size distribution) we are sure that further refinement of this approach will lead to success.
Experimental 2.1. Materials 2.1.1. Heat resistant chimney lining prepreg
The detailed formulation of the prepreg sample studied will not be given for proprietary reasons, but it is closely related to the systems described in the examples of patent EP2826811 (A2) quoted above. The samples were provided by Polinvent Ltd. (Hungary).
Feedstock components and additives for
preparing porous alumina by CIM For the fabrication of the binder component of the CIM feedstock the following materials were used: Tipelin BS 501-17 high density polyethylene (HDPE) with hexane co-monomer, MFR = 0.2 g/10 min (TVK, Hungary), Plexar PX5335, an anhydride modified linear low density polyethylene (LLDPE) tielayer resin, MFR = 5.7 g/10 min (Lyondell Basell, USA), GUR 4022-6 an UHMWPE (ultrahigh molecular weight polyethylene grade with a molecular mass of about 5 million) with coarse grain size, suggested for porous products by sintering (Celanese, USA), Luwax OP wax, melting point about 100°C (BASF, Germany), oleic acid, 99% purity (Sigma Aldrich, Germany). From these the first two, the wax and the oleic acid components were the "regular" components of the binder, UHMWPE was explored as a potential pore forming agent (as it does not melt). In addition to UHMWPE we also tried citric acid 99% purity (Sigma Aldrich, Germany) as a pore forming agent, as it emits CO 2 during thermal decomposition. The inorganic components were alumina (Al 2 O 3 , ALO-G4-4G, MAL, Hungary) with d 50 = 4-7 μm particle size, specific surface 1.3 m 2 ·g -1 , and alumina trihydrate (Al(OH) 3 , ALOLT-01, MAL, Hungary, d 50 = 40-80 μm) -the latter was tried as a pore forming agent, as it emits water vapor during decomposition.
preparing ODS steel by MIM The stainless steel (SS) powder used in our experiments was kindly provided by Högenäs, Sweden (316 LHC, 17% Cr, 12% Ni, 2.2% Mo, Si content between 0.5 and 1.0%). According to a data leaflet the density of the SS316 alloy [36] is about 8.00 g/cm 3 (although it is interesting to note that the calculated density, assuming volume additivity and using the densities of the constituent element gives only 7.70 g/cm 3 ), while according to the data leaflet attached to the product, the density of a 600 MPa compacted powder with a wax lubricant is about 6.50 g/cm 3 , which means about 18.8% porosity. For the preparation of MIM feedstock binder material the same polymers (viz. Tipelin BS 501-17 and Plexar PX5335) and oleic acid were used, as in the previous example, but here the wax component was 005 E/AA oxidized PE wax (kindly provided by Honeywell, USA). The following additives were tried to produce ceramic particles after the debinding and sintering process: titanium (IV) isopropoxide (97%, Sigma Aldrich, Germany), tetraethoxysilane (98% Sigma Aldrich, Germany), aluminum monostearate (~75%, technical, Sigma Aldrich, Germany), KR ® TTS (Titanium IV 2-propanolato, tris isooctadecanoato-O, Kenrich Petrochemicals Inc., USA), KA 322 (Di-isopropyl(oleyl)aceto acetyl aluminate, Kenrich Petrochemicals Inc., USA). Samples of Kenrich products were kindly provided by Farrl GmbH, Germany. is impregnated by the resin mixture, which is still flowable at this time. A polyethylene tubular film is placed into the resin impregnated reinforcement hose. The structure is inflated from inside the polyethylene tube by about 100°C steam for about 1-1.5 hour. In addition to the steam cured samples we have studied further samples: post-cured at 195, 200 and 205°C for 60 minutes (to explore the effect of postcuring temperature); heat treated at 300°C for 60 minutes. Parts cut from the samples post-cured at 200 and 300°C were exposed to further, extreme heat treatment: 5°C/min heating from room temperature to 300°C followed by 10 min isotherm; 1°C/min heating to 400°C followed by 10 min isotherm; 5°C/min heating to 600°C, spontaneous cooling. This pyrolytic treatment was made in air atmosphere, as the flue gases also contain oxygen. (This upper temperature was selected because, according to the thermal analytical data to be described hereafter there was no essential change in the weight and no thermal effects were observed beyond this temperature).
Preparation of the CIM and MIM
feedstock samples As the powder injection feedstock samples in the second and third examples were prepared by very similar methods, therefore they will be described together. The feedstock components were mixed in a Brabender Plasti-Corder (Brabender GmbH, Germany) equipped with a kneading chamber having two Z-type mixing elements, capable of mixing about 150 cm 3 material, and oil heating (up to 220°C). Preparation of some batches selected for injection experiments was repeated with larger kneading chamber as well. After adding a minimal amount of mineral or the metal powder to the pre-heated chamber about 80% of the polymer component was added within about 5 min to the chamber at 5 rpm (rotation per minute) kneading speed: first the PE polymer, then the copolymer component, followed by the addition of about 75% of the solid powder (ceramic or metal) in about 10 minutes, maintaining the 5 rpm speed, then the other low molecular components were added, followed by the rest of the solid powder (5 min) and the rest of the polymer components (20%). The total feed time was 20 minutes, then the rotation speed was increased to 20 rpm and the mixing was continued for 10 minutes. The still hot mixture was removed from the mixing chamber and placed on an aluminum tray. The composition of the CIM feedstock samples prepared is described in Table 1 . The volume percent of the inorganic components was around 70% in compounds C01-C08, while it varied between 50 and 65% in the rest of the compounds. With the exception of samples C08-C12 
Bánhegyi et al.: Monitoring Thermal Transformations in Hybrid Composites
which were homogeneous or contained large chunks of continuous paste, others were more powder-like just after compounding. (Figure 1 shows as an example a photograph of the freshly prepared feedstock samples of C01 and C09 exhibiting powder-like/ granular and continuous structures respectively). We tried to explore the effects of homo/copolymer ratio, polymer/wax ratio and the content of the potentially pore forming compound (citric acid, ATH and UHMWPE) on compoundability and on final morphology. The still hot feedstock was processed further by compression molding (in the case of the MIM samples we used only this method) using a hydraulic Bucher Guyer KHA press. First a preliminary compression force was applied at 220°C at low pressure (less than 1 ton). This resulted in a press-form of about 1 mm thickness, which was processed further in a square mold (160×160×3 mm) using the following compression program: 0 tons for 10 minutes, 2 tons for 5 minutes, 20 tons for 3 minutes. ( Figure 2 shows the photograph of compression molded CIM feedstock samples C01 and C11, exhibiting granular and continuous structures before compression molding respectively). Some selected CIM feedstock materials (namely C09 and C11 of Table 1 , produced in larger quantities) were processed further with laboratory size plunger-torpedo type injection molding machine [37] located on a laboratory scale combined processing unit (Machine Combinée de Laboratoire / Presse injection, Cie AMIL, France) used at the Miskolc University for education purposes, as this type of 
equipment is less sensitive to the homogeneity of the mixture than standard screw based injection units. This injection unit is vertically oriented and can be operated manually with high pressure air. The temperature of the injection unit was set to 220°C. For this purpose the compression molded CIM feedstock was cut into smaller pieces using a heavy duty Piovan granulator equipped with rotating knives (RSP1515, Piovan, Italy). The composition of the prepared MIM feedstock samples is given in Table 2 . Here the sample preparation process was somewhat different from the CIM feedstocks. Samples M01 and M02 were used to check whether all three organic components (HDPE, PE-copolymer and the oxidized PE wax) are needed to prepare the MIM feedstock or two are enough. Samples M03-M07 contained various metal-organic additives which were designed to give similar amounts (about 0.3 wt%) of alumina, silica or titania particles provided that their Al, Si and Ti content is transformed to the respective oxides during the debinding and sintering process. In the case of three additives: Al-stearate, KR ® TTS and KA322 which contain long chain aliphatic moieties, thus it can be expected that they play a lubricating role during feedstock compounding, no PE-copolymer or oxidized PE wax component was used. Samples M01-M07 contained about 70-77 vol% stainless steel powder.
The compounding process was similar to that of CIM feedstock samples described above, the only difference was that the additives shown in Table 2 for compounds M03-M07 were previously mixed with the SS powder in a solvent. The calculated amount of the additive was mixed with 100 ml solvent in a 250 ml round bottom flask for 1 hour at room temperature, then 450 g SS powder was added and the mixing process was continued for another hour. Then the solvent was distilled from the mixture and the residue was dried in a vacuum oven until constant weight at 80°C. If the "coated" SS powder became clumped, it was first broken down by a pestle in a mortar before adding it to the already molten polymer components (as described for the CIM feedstock compounding process). It has to be noted, however, that at the temperature of compounding eventual aggregates broke down easily. The freshly prepared MIM feedstock has been compression molded to 50×50×5 mm samples using a pressing frame, at 220°C, 20 tons. Other details of the compression molding process were identical with that described for CIM feedstocks. The compression molded plates were cut into about 10 mm wide stripes to fit into the sample holder of the de-binding and sintering oven with controlled atmosphere. (In this case we did not try injection molding, as we were interested in the morphology only).
De-binding and sintering process
The removal of the organic components (de-binding) from the "green body" to obtain the "brown body" was done in air for the CIM compounds in a custom made oven in ambient atmosphere. The following temperature program was used: 2°C/min heating from room temperature to 280°C followed by 30 min isotherm, then 0.5°C/min heating to 400°C followed by 60 min isotherm, 1°C/min heating to 550°C followed by 120 min isotherm. Cooling was spontaneous with a time constant of about 250 minutes. The sintering of the CIM brown bodies (both the compression molded and the injection molded ones) was also performed in air using the following temperature program: heating by 5°C/min form room temperature to 900°C followed by 30 min isotherm, 5°C/min heating to 1600°C followed by 120 min isotherm. Cooling was spontaneous with a time constant of about 250 minutes. The de-binding and sintering processes of the (previously compression molded) MIM green bodies were performed in another custom-built oven that can be evacuated or flushed with inert gas, in argon gas atmosphere with the addition of 3 vol% hydrogen to prevent the oxidation of steel particles. (It was assumed that the oxygen content of the metal-organic additives is enough to transform the additives to the corresponding oxides during the initial phase of de-binding). At first the oven was heated spontaneously to 80°C followed by 8 min isotherm, and evacuation. The 97% Ar -3% H 2 gas flush was switched on and the spontaneous heating to 120°C was again followed by 8 min isotherm, and evacuation. This was repeated again by spontaneous heating to 160°C followed by 8 min isotherm, and evacuation. This sequence was used to remove all air and water from the samples. Thereafter the reductive/ inert gas flush was maintained until the sample cooled back to room temperature at the end. Under this constant gas flow the following heating sequence was applied: 0.5°C/min heating to 400°C followed by 30 min isotherm; 1°C/min heating to 550°C followed by 60 min isotherm; 1°C/min heating to the sintering temperature followed by 60 min isotherm; spontaneous cooling. The sintering temperature for the compounds M01 and M02 was varied between 950 and 1300°C and from density tests to be described later the optimum sintering temperature was decided to be 1150°C.
Test methods
For the TGA/DTA tests a Setaram Setsys 16/18 (France) equipment was used, using a heating rate of 10°C/min from 30 to 1000°C in argon atmosphere, flush rate was 30 ml/min. The densities were measured by a RADWAG-PS210-R2 type Archimedean balance (Poland) using water as buoyancy fluid. A part of the SEM micrographs was taken with a Hitachi TM-1000 equipment using Solid State Backscattered Electron Detector (BSE), some others (together with EDX) were taken on a Jeol JSM-6380LA Analytical Scanning Electron Microscope (Japan). Optical micrographs were taken on a Keyence VHX-2000 type digital microscope. X-ray diffractograms were measured on Rigaku MiniFlex II desktop equipment. X-ray photoelectron spectra were recorded on a Kratos XSAM 800 spectrometer operated at fixed analyzer transmission mode, using Mg Kα 1,2 (1253.6 eV) excitation. The high resolution photoelectron lines of the main constituent elements were recorded by 0.1 eV steps. Spectra were acquired and processed by the Kratos Vision 2 software package. Area intensity data were obtained after Shirley type background removal. Quantitative analysis was performed by the XPS MultiQuant 7.7 program [38] using the experimentally determined photo-ionisation cross-section data of Evans et al. [39] and asymmetry parameters of Reilman et al. [40] . Raman Spectra were measured on a Labram type Raman microscope (Horiba-Jobin Yvon), to which a diode laser manufactured by Sacher Lasertechnik was attached (785 nm, 100 mW nominal power). Spectra were recorded in the 200-3000 cm -1 range. The test time was: 2×40 sec. The grating used had 950 grooves/mm. The magnification of The objective was 10× with a confocal hole of 1000 μm. The spectral resolution was ~5 cm -1 . Transmission FTIR spectra in KBr pellet were measured on a Bruker Tensor 27 spectrometer using 16 scans 2 cm -1 resolution.
Results and discussion 3.1. Heat resistant chimney lining prepreg
The patent EP2826811 (A2) describes the main features of the assumed chemical processes occurring during the curing, post-curing processes and under application conditions, at high temperatures. The prepreg tube to be pulled into the chimney is protected from inside by a polyethylene tubular film. The primary pre-curing of the prepreg system is initiated by 100°C steam from inside, which permeates through the polyethylene tubular film and starts to react with the isocyanate component, yielding carbamic acid and finally aromatic amine and carbon dioxide. The CO 2 gas formed during this reaction reacts with the fine metal hydroxide powder resulting in metal carbonates and hydrocarbonates. The freshly formed water drives the curing reaction further. In the isocyanate -water reaction not only CO 2 is released, but also aromatic amines are formed, which react with the residual isocyanate resulting in polyurea formation. As the prepreg is heated up it softens and, until the crosslinking prevents flow, it impregnates thoroughly the reinforcing fiber fabric hose under the effect of the mechanical pressure of the hot steam. After the removal of the PE tubular film the reaction is completed at a curing temperature around 200°C. The consolidated structure still contains ATH which, if exposed to a temperature Table 3 ), as they show which are the decomposition processes accompanied by weight loss. The DTG minimum around 320°C is due to the water loss of ATH (pure ATH exhibits a similar minimum under identical conditions at 320°C -somewhat depending on the crystal structure). The steam cured sample exhibits a loss minimum around 245°C, which is presumably due to the incomplete curing of the isocyanate, which is completed during the post-curing process around 200°C. The sample heat treated at 300°C still contains some residual ATH, as shown by the first weight loss minimum. The higher temperature, less intense weight losses accompanied by weak endotherms are presumably due to the thermal decomposition of the organic components. It is interesting to observe that (especially in the steam cured sample) there is a broad exothermal background on the whole DTA curve which gradually diminishes in the cured and postcured samples (although it can be due to the background correction process). We tried to understand -at least partially -the chemical transformation process using two methods that can measure the changes in the elemental composition of the samples in various stages of the process. From these XPS (X-ray photoelectron spectroscopy) probes the uppermost few nanometers of the sample, while the penetration depth of SEM/EDX depends somewhat on the acceleration voltage, but it is typically in the order a few micrometers (see e.g. [41] ). Table 4 summarizes the atomic% of the surface composition of the steam cured, the 200°C post-cured and 300°C heat treated samples and the last two samples after gradually heating them to 600°C (see the Experimental part for the heating program). In the case of the carbon the C1s peak was resolved into components belonging to C-H, C-C, C-O/C-N and O-C-O bonded carbon atoms. Relevant chemical shift values can be found in Ref. [42] dealing with the XPS and ToF SIMS investigations of aluminum surface and polymeric MDI. Due to the The N/C atomic ratio is not far from that of MDI (the main organic component), the O/C ratio is somewhat larger, presence of P and S is due to minor additives. The aluminum component of ATH hardly appears on the surface. The 200°C post-curing slightly increases the O/C ratio and reduces the N/C ratio, otherwise there are minimal differences. The 300°C heat treatment (wherein the major part of ATH is decomposed, as shown by the TGA/DTA results shown above) results in a drastic reduction of the O/C and N/C ratios, which is also reflected by the fact that the relative weight of the carbon components attached to high electronegativity elements is significantly reduced. Interestingly the Al component still hardly appears on the surface. Presumably the polyurea network begins to degrade at this temperature and new, polyaromatic structures are formed.
The really important changes accompany the high temperature treatment to 600°C. The carbon content is drastically reduced, the Al component becomes prominent (the O/Al ratio is close to 2, or even higher, which is higher than 1.5 expected for alumina, which shows that other oxygen containing components may be present).
The elemental composition has been measured by SEM/EDX as well at various spots on the sample surface after various heat treatments, the results are summarized in Table 5 , while Table 6 compares some atomic% ratios determined by XPS and SEM. It has to be noted that XPS and SEM/EDX cannot be compared directly not only because of the different penetration depths but also because of the fact that EDX is not really sensitive to low atomic numbers. Nevertheless the tendencies can be well interpreted and in general they are in agreement with the XPS observations. In the XPS tests of the steam cured sample Al could be hardly seen, while in the EDX results we can see carbon-rich and aluminum-rich areas. In the aluminum-rich areas the O/Al ratio is between 2 and 3 (with the exception of the calcined samples heated to 600°C), where it is reduced to the range between 1 and 2. In ATH the expected O/Al ratio is 3, in alumina it is 1.5. Values below this limit indicate lower oxidation states. Nitrogen cannot be detected by EDX in the calcined samples, although XPS can still detect it and the N/C ratio measured by XPS does not change significantly at the highest treatment temperatures. Due to the deeper penetration the O/C ratios determined by EDX are higher than the XPS values -as more aluminum-bound oxygens are seen by this method even in the carbonrich areas. The same difference explains the higher C/Al ratios measured by XPS than by EDX. In addition to the XPS and SEM/EDX measurements vibrational spectroscopic studies were also made. Reflection Raman measurement could be performed only on the steam cured (100°C) sample (see Figure 6 ) -all other samples produced so strong fluorescence background that it was not possible to detect a meaningful spectrum. Transmission FTIR spectra were detected for the steam cured (100°C), the 300°C heat treated and for the calcined (heated to 600°C after the 300°C treatment) samples (see Figure 7 (a)-(c) in various spectral ranges). It has to be noted that the Raman spectrum did not contain any significant band above 1610 cm -1 thus it is not really useful for the interpretation -as the skeletal vibrations are notoriously complicated to assign. Fortunately, however, the FTIR data are rich and informative. The OH/CH stretching region is dominated by the OH multiplet of the ATH filler, (where the exact location and relative intensity of the sub-bands depend on the gradually developing mineral form [43] ) in the steam cured sample, and to a lesser degree, but still significantly in the 300°C heat treated sample, while only a broad associated OH band can be seen in the calcined (300 to 600°C) sample. Weaker bands in the 3400-3200 cm -1 range may be due to the NH band of the amides groups formed. Very weak aromatic CH bands can be observed between 3000 and 3100 cm -1 and aliphatic CH stretching bands between 3000 and 2800 cm -1 . Some remnants of the CH bands can be observed even in the calcined sample. In the carbonyl stretching region two bands can be observed in the steam cured sample at 1783 and 1739 cm -1 . The latter can be urethane carbonyl vibration, but the frequency of the first one is unusually high. In an aromatic polyurethane-urea based on MDI and a functionalized polystyrene polyol chain extended with a diamine [44] the 1775 and 1732 cm -1 bands were assigned to amorphous and crystalline urethane vibrations respectively, while the 1602 cm -1 band was attributed to the urea group. It is possible, however, that 1783 cm -1 band in our system is due to uretdione formation [45] (self-dimerization of MDI). Formation of isocyanurates is also possible, but it would appear at (It is possible that the 1666 cm -1 band observed in the steam cured sample is due to isocyanurates -but it can also be an amide band). The bands appearing at 1598, 1537 and 1511 cm -1 are aromatic stretching vibrations well known from the MDI spectrum [46] . In the sample heat treated at 300°C the OH bands of ATH are reduced, the CH stretching bands are very much reduced, the carbonyl vibrations practically disappear -only the aromatic skeletal vibrations remain with lower intensity. In the sample treated at 300°C and in the same sample calcined at 600°C the broad band appearing around 1600 cm -1 is most probably due to adsorbed water. At 600°C practically only the bands attributable to the inorganic components cold be detected.
CIM compounds for preparing porous
alumina samples For samples C01-C04 and C07 we determined the experimental density of the "green body" by Archimedean principle (samples C05 and C06 disintegrated in water), after thermal de-binding the same was attempted, but mostly without success (most of the samples disintegrated in water). All samples could be sintered, however, successfully and the density was again determined for samples C01-C07. This allowed the calculation of the total porosity from the theoretical and experimentally determined densities, as shown by Equations (1) and (2): (1) (2) where ρ theoretical is the density of mixture calculated from the masses (m i ) and densities (ρ i ) of the components and ρ measured is the actually determined density. The component densities used for the calculation are shown in Table 7 . The experimental densities and the calculated porosities for the green body and for the sintered final product are listed in Table 8 . It can be seen that already the compression molded green body contains significant porosity, which is (with few exceptions) reduced after debinding and sintering. It is to be noted that even the comparative sample (C01) not containing any pore forming agent exhibits about 9% porosity after sintering comparable with samples C02, C04 and C07, while samples C03, C05 and C06 exhibit larger porosities in the range of 14-15%. The de-binding program has been selected so that all organic components and the ATH components of the CIM compounds decompose at the highest temperature Table 7 . The densities of the components used for calculating the theoretical densities and porosities of the CIM compounds presented in Table 1 . (500°C). This conclusion came from the investigation of the TGA/DTA curves measured on separate components (see Figures 8 and 9 ). The DTA curves show the melting processes as well as the decomposition processes, while TGA only the latter. Therefore it is expected that the experimentally measured weight loss after de-binding should be equal to the weight% of the organic components (in the case of ATH containing compounds the water loss of the ATH components should also be taken into account). Theoretical and experimentally measured weight losses after de-binding are compared in Table 9 . (In some cases, probably due to unavoidable chipping, the ratios of the measured and theoretical losses were higher than 100% -these are not indicated). It can be seen that in several cases (e.g. C04, C06, C10) the actual weight loss is only about 50% of the expected values are observed -indicating that there is some residual organic or otherwise volatile material which disappears only during the sintering step. Samples C01-C04 and C06-C07 preserve their integrity after sintering, while sample C05 (containing more ATH than Al 2 O 3 ) exhibited fissures (probably too much volatile evolved). In samples C08-C14 we tried to reduce the Al 2 O 3 content to improve the moldability (feedstock samples C08-C12 in fact exhibited larger, non-powdery chunks after mixing), but unfortunately the compounds which could be successfully injection molded by the injection molding machine available to us (C09 and C11) exhibited volume swelling and shape deformation during debinding which remained after sintering (see Figure 10) . Probably an injection molding machine specifically designed for CIM with much higher melt pressure could process directly the formulations C01-C07 too, which do not exhibit swelling and deformation on de-binding and sintering.
The morphology of the samples has been investigated by scanning electron microscopy. Figure 11 shows the surface of sintered samples of C01 and C04 (the former containing only alumina, the latter ATH too) as an example at various magnifications. The low resolution SEM micrographs show that the Figure 9 . Typical DTA curves of the generic components used in preparing the CIM feedstock samples (see Table 1 for the components). Figure 8 . Typical TGA curves of the generic components used in preparing the CIM feedstock samples (see Table 1 for the components).
surface of C04 is less regular, otherwise the two samples are fairly similar, they consist of particles of about 10 μm size an smaller sintered together at the contact points. Figure 12 shows SEM micrographs for samples C05 and C07 containing pore forming agents. Comparing C04 and C05 containing alumina and ATH in different ratios, it can be seen that an increased amount of ATH produces larger pores. The final porosity can be decreased by longer sintering time but if the goal is to produce porous bodies, it can be influenced by the amount of the pore forming agent and sintering conditions. An Table 1 ). Table 1 ).
X-ray diffractogram shown in Figure 13 taken on the sintered sample of C01 shows that the materials consist almost purely of alumina (lines of corundum are shown for comparison). The same conclusion can be drawn from a SEM/EDX measurement (see Figure 14) . It can be concluded that samples C03, C05 and C06 containing UHMWPE, ATH and citric acid pore formers respectively exhibited higher porosity than the reference samples -although other compositions containing less ATH or citric acid alone did not.
Other researchers report on micro-injected CIM/alumina parts with a relative density of 99.8% [47] , others achieved similar relative densities with room temperature aqueous injection molding based on poly (vinyl pyrrolidone) solutions [48] . In our own aqueous slurry based low pressure molding experiment using ethylene-acrylic acid binder [19] the residual porosity was around 15%, i.e. similar to those values obtained in our CIM experiments, and the most probable pore size was around 1-3 μm. Further optimization of ceramic particle granulometry, composition (amounts of pore forming additives), de-binding and sintering schedule is needed to achieve a repeatable and predictable pore distribution in the CIM based products.
3.3. New approach to prepare oxide dispersed steel In this case we tried to explore the possibility of adding finely distributed oxide particles (alumina, titania, silica using Al-stearate or KA322, Ti(iPrO) 3 or KR ® TTS and TEOS respectively, see Table 2 in the experimental part) to stainless steel powder processed by MIM (actually, in our case by compression molding of MIM feedstock samples). The manufacturer of the stainless steel (SS) powder used by us, Höganäs suggests the use various lubricants, among others metal soaps, as Zn stearate as additives in powder metallurgy [49] but the authors do not discuss the appearance of oxide particles. Densities of the sintered samples M01 and M02 were determined by the buoyancy method to establish the optimum sintering temperature, the calculated porosities are listed in Table 10 . It is clear that simply by increasing the sintering temperature it is not possible to increase the density further -the porosity remains high (even if compared to the relatively high porosity of 18.8% quoted by the manufacturer of the SS powder for a 600 MPa compacted powder with a wax lubricant, see the Experimental part). It is clear that for structural parts (which are the typical applications of ODS steel [50] ) high pressure consolidation methods as hot isostatic pressing or hot extrusion are needed [51] although high densities were also achieved by high voltage electric discharge compaction too [52] . As we had no direct access to these high temperature/high pressure processing technologies, we limited ourselves to morphological studies after ambient pressure sintering of the MIM feedstock samples after compression molding and de-binding. The morphology and elemental composition distribution of samples listed in Table 2 were studied by optical microscopy and SEM/EDX respectively on samples cut from the sintered bodies described in the Experimental part and polished afterwards. Figure 15 shows the optical micrographs of sample M01 at the sintering temperature where its density was the highest at different magnifications. The presence of Figure 15 . Optical micrographs of the sintered M01 sample, whole cross-section (a), the skin-core structure (b), higher magnification in the core region (c), higher magnification in the skin region (d). The core region seems to exhibit higher porosity Figure 16 . SEM micrographs of the sintered M02 sample, backscattered electron micrograph and EDX analysis at a single point in a darker area (a and b) -more alloying elements; backscattered micrograph and EDX analysis at a single point in a brighter area (c and d) -more iron; backscattered micrograph and the distribution of the Si alloying element (e and f).
a core-skin structure is well discernible. There is a loosely bound skin layer but apparently the porosity is lower close to the periphery of the sample. No figures will be shown for sample M02, as they are very similar to M01. Nevertheless we chose the matrix composition of M01 for the further experiments, as we hoped that the presence of a copolymer containing polar co-monomers will help the uniform distribution of the metal-organic additives which are also moderately polar. Figure 16 shows, SEM/EDX micrographs at much higher magnification for sample M02 to demonstrate that the distribution of the alloying elements changes from point to point. Figures 16e and 16f were added (at a lower magnification) to show that the insignificant amount of Si alloying component is still detectable and is concentrated in certain regions. (It makes the evaluation of the TEOS-containing sample (M04) more complicated). Figure 17 shows the optical micrographs of the Ti-containing samples (M03 with titanium isopropoxide and M06 the KR ® TTS Figure 17 . Optical micrographs of the sintered M03 (a, b) and M06 (c, d) samples containing Ti(iPrO) 4 and KR ® TTS additive respectively. In both samples non-metallic inclusions can b detected both with pale yellow and with pink colors. titanate coupling agent with long fatty acid chains). In both cases both yellowish and pink inclusions can be seen, with sizes in the order of 10-50 μm. These inclusions are clearly non-metallic, it can be assumed that they are oxide glasses or microcrystals. The pink color may be attributed to the partial appearance of Ti 3+ ions in strongly reductive environments instead of the normal Ti 4+ ions. The yellowish color in other cases may be due to other contaminants. Local accumulations of Ti in M03 and M06 could be detected by SEM/EDX maps too (see Figure 18 ). Ti-rich areas appear at locations where the SEM micrograph is dark. The optical micrographs of the Al containing samples (M05 based on Alstearate and M07 based on a more complex Al-coupling agent) are shown in Figure 19 . Local accumulation of Al can be well detected by SEM/EDX maps of these samples (see Figure 20) -again in the "dark" areas (non-metallic compounds reflect the electrons less effectively). Figures 20c and 20d show that Al can be well detected point-wise too. Due to the presence of the Si alloying element in the SS powder used the detection of the local concentration of Si (presumably in amorphous SiO 2 form) is not as easy in M04 as it was in the case of other elements, but it is possible. The optical micrographs (Figures 21a and  21b ), a comparison of the element distribution in bright and "dark" areas of the SEM micrograph (Figures 21c-21f ) and the Si distribution on a SEM/EDX micrograph exhibiting an Si-rich are at a "dark" spot (Figures 21g and 21h) clearly demonstrate the presence of Si-containing inclusions in the sintered SS sample. The green color of the silicate inclusions on the optical micrographs is presumably due to the presence of Fe 2+ ions in the glassy structure. In spite of the fact that these experiments gave halfsuccess at best, as the porosity of the samples was too high to achieve high strength (sintered samples M03, M04 were relatively homogeneous and strong while samples M05, M06 and M07 broke more easily, exhibited inhomogeneity and porosity) and the size distribution of the inclusions was far from the nanometric scale necessary for the reinforcing effects observed in ODS steels, we could clearly demonstrate that by using metal-organic compounds it is possible to admix metal, semi-metal and metal oxide particles to stainless steel powder. We analyzed the potential reasons of partial failure to be able to give recommendations to improve the process. One reason is that during the de-binding process when the organic components degrade and the metal-organic components are transformed into the corresponding oxides, the organic phase begins to flow and due to the surface tension differences the organic component (together with the metal-organic compounds) tends to accumulate at the interstices between the SS powder particles -and this distribution is fixed during the sintering process. This problem presumably could be reduced if the MIM process is replaced by a combination of the proposed method and mechanical alloying: if one ball-mills SS powder with a calculated amount of the selected metal-organic compound and uses a liquid as processing aid which at least partially dissolves the metal-organic compound. This should result in a more homogeneous distribution of the additive and presumably some chemical reactions would also occur at the surface of the metal particles. A mild hydrolysis of the metal-organic compounds (e.g. by vapors) could possibly anchor the oxide precursor on the steel surface -thus reducing the tendency to accumulate in the interstices. If this pre-treated powder is exposed to high pressure compression or extrusion accompanied by gradual heating it is conceivable that alloys with better properties are obtained. If these modifications prove useful, a wide range of possibilities opens, as almost all metallic, semi-metallic or non-metallic elements have a wide variety of metal-organic derivatives which can be optimized for this application.
Conclusions
In the three examples we tried to demonstrate the extreme variability of hybrid composites systems and the use of up-to-date analytical techniques to understand those chemical and phase transformations which are frequently accompanied by the partial or complete degradation or elimination of the organic components. These organic components nevertheless play a major role in determining the final composition and morphology of the final composite products obtained. Their rheology, polarity, chemical activity, adhesion are important factors which have to be taken into taken into account when designing the process. In the heat resistant prepreg the organic matrix is a structural part of the lining system and becomes a "sacrificial" component only if it is exposed to extreme heat. In the examples related to CIM and MIM feedstocks transformed into sintered bodies two kinds of organic additives have to be considered: the polymer and wax components needed to embed the ceramic or metal particles while the feedstock composition is being mixed and processed into the final shape and other additives used to modify the final composition. In the case of the CIM material there were (organic and inorganic) additives which give rise to gases that produce porosity, while in the case of the new MIM material metal-organic additives were used in order to be miscible (or at least technically compatible) with the organic matrix but able to transform into metal-oxide particles during de-binding and sintering. Of course, this distinction is not very sharp, as these organic components interact with each other and the inorganic components. Thermoanalytical methods, in combination with surface analytical techniques and various microscopic methods help to understand changes in chemical composition and morphology. TGA and DTA are the basic tools to identify the phase transitions (melting and evaporation) and chemical reactions, degradation of the component alone and mixed together. Vibrational spectroscopic methods help to understand the chemical transformation of the organic components until they are not completely eliminated at higher temperatures. XPS provides detailed and sensitive information on the chemical composition of the topmost layers, while SEM/EDX gives information about both morphology and element distribution in somewhat deeper layers. Even optical microscopy proved to be useful aid at lower magnifications, especially in understanding the MIM transformation process and in identifying the non-metallic components obtained. These examples hopefully give an insight into the exciting world of hybrid composites.
